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ABSTRACT
We analyze binary population models of double-neutron stars and compare results to the accurately
measured orbital periods and eccentricities of the eight known such systems in our Galaxy. In contrast
to past similar studies, we especially focus on the dominant evolutionary channels (we identify three);
for the first time, we use a detailed understanding of the evolutionary history of three double neutron
stars as actual constraints on the population models. We find that the evolutionary constraints derived
from the double pulsar are particularly tight, and less than half of the examined models survive the full
set of constraints. The top-likelihood surviving models yield constraints on the key binary evolution
parameters, but most interestingly reveal (i) the need for electron-capture supernovae from relatively
low-mass degenerate, progenitor cores, and (ii) the most likely evolutionary paths for the rest of the
known double neutron stars. In particular, we find that J1913+16 likely went through a phase of
Case BB mass transfer, and J1906+0746 and J1756−2251 are consistent with having been formed in
electron-capture supernovae.
1. INTRODUCTION
Since the discovery of the first double neutron star
(DNS) system (Hulse & Taylor 1975) almost 40 years
ago, astronomers have discovered only 8 more DNS
among more than 2000 pulsars. As exotic endpoints
of binary evolution, DNS form through a wide variety
of binary phases, including tides, strong stellar winds,
two supernovae (SN), multiple phases of mass transfer
(stable and unstable), and orbital decay due to gravi-
tational wave radiation (van den Heuvel & Heise 1972;
Flannery & van den Heuvel 1975; Delgado & Thomas
1981; Bhattacharya & van den Heuvel 1991;
Tutukov & Yungel’Son 1993). Binary disruption
due to a SN or coalescence during dynamically unstable
mass transfer and common-envelope (CE) evolution
are both highly likely, yet all observed DNS have
survived these phases. Without two supernovae and CE
evolution, the observed DNS in their tight orbits could
not have formed.
Our current understanding of the full CE evolution
and the final outcome for the binaries going through it
is incomplete, and consequently CE modeling for binary
populations has been limited to relying on simple param-
eterizations of the problem which involve the amount
of mass and energy or angular momentum lost in this
non-conservative process (Webbink 1984; Livio & Soker
1988; de Kool 1990; Iben & Livio 1993; Nelemans et al.
2000; Webbink 2008; Taam & Ricker 2010). Although
such parameterizations are of limited use in terms of
understanding the physics of this phase, they have al-
lowed considerable progress in understanding the for-
mation and evolution of interacting binary populations
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with compact objects (white dwarfs, neutron stars, black
holes). Thus there is always interest in constraining
them empirically using observed systems and populations
in the Milky Way and other galaxies. Recently, more
physically motivated treatments of the CE phase have
been put forward (Deloye & Taam 2010; Ge et al. 2010;
Woods & Ivanova 2011; Ivanova & Chaichenets 2011;
De Marco et al. 2011; Ivanova et al. 2013, for a review).
These represent important advancements, however they
require the use of a stellar structure and evolution code
as part of the modeling, and therefore they are not ap-
plicable to the current tools available for population syn-
theses (which adopt fitting formulae based on single star
evolution).
Binaries have a significant chance of getting disrupted
when one of the stars goes through a SN, either because
of the associated mass loss and/or because of asymme-
tries in the underlying mechanism imparting a “natal
kick” to the newborn NS of hundreds of km/s. Based
on observations of proper motions of single pulsars, not
only do Hobbs et al. (2005) derive a Maxwellian kick dis-
tribution with a dispersion velocity of 265 km/s, but
they argue in favor of an absence of pulsars with very
low proper motions. However an early population syn-
thesis study by Portegies Zwart & Yungelson (1998) ar-
gued that the formation of the observed systems re-
quires a distribution with a substantial fraction of NS
born with low velocity kicks. Pfahl et al. (2002b) ar-
rived at the same conclusion, finding that low kick veloc-
ities are necessary to explain the observed population of
Be/X-ray binaries, and the presence of large numbers of
neutron stars in Galactic globular clusters (Pfahl et al.
2002a). In search of a physical explanation for how
some neutron stars may form with small natal kicks,
Podsiadlowski et al. (2004) drew renewed attention to a
core-collapse mechanism known as an electron-capture
supernova (ECS). Originally proposed by Miyaji et al.
(1980), an ECS is a low energy SN occurring when an
ONe degenerate core-collapses due to electron captures
onto 24Mg and 20Ne (Nomoto 1984; Miyaji & Nomoto
1987; Nomoto 1987). Podsiadlowski et al. (2004) pos-
2tulated that this channel was only accessible to bi-
nary stars that had lost their envelopes in a mass
transfer phase, thereby limiting the second dredge up
phase. The remnant NS is predicted to receive a kick
of . 50 − 100km/s. Very soon after the discovery of
the double pulsar (Burgay et al. 2003), analysis of its
properties led a number of groups (Willems & Kalogera
2004; Dewi & van den Heuvel 2004; Piran & Shaviv
2005; Stairs et al. 2006; Willems et al. 2006; Dewi 2010;
Wong et al. 2010; Ferdman et al. 2013) to argue (albeit
for different reasons and at different levels of quantita-
tive analysis) in favor of low-velocity natal kicks being in-
volved in the formation of the second pulsar. In a qualita-
tive analysis van den Heuvel (2007) expanded the picture
arguing that through both mechanisms, the standard Fe
core-collapse and the ECS, the entire population of DNS
could be formed. Most recently Wong et al. (2010) ana-
lyzed all individual systems in view of all current observa-
tional properties (binary and kinematic) and concluded
that some observed DNS must have received high na-
tal kicks and other systems require low natal kicks, also
indicating that both mechanisms are needed.
In the study presented here we develop population
models of DNS formation and evolution and we con-
trast our results against DNS measurements of orbital
period P and eccentricity e (only). We complement
upon the work of previous population synthesis stud-
ies of DNS (Kiel et al. 2008, 2010; Os lowski et al. 2011;
Dominik et al. 2012) by adding the consideration of any
constraints on the evolutionary channel each of the ob-
served systems has followed; we use a Bayesian analysis
to quantitatively assess the results. The last analysis to
examine whether measured P and e values are in agree-
ment with DNS population modeling was presented by
Dewi (2010), who focused primarily on the formation of
J0737−3039, with no quantitative statistical analysis.
We undertake this study to address the following spe-
cific questions: (i) are there current DNS population
models that are consistent with DNS P and e measure-
ments? (ii) can such consistent models also account for
the strong evolutionary constraints that are currently
available for a few of the observed systems? (iii) if yes,
then how do these select models constrain binary evolu-
tion processes and parameters; which processes and pa-
rameters are not important? (iv) can we use the select
models to uncover the evolutionary history of the rest
of the observed DNS systems? We choose to restrict
ourselves to the P and e measurements for a number
of reasons: they are the best measured DNS properties
(without any indirect inference involved), they are highly
correlated making it easy to evaluate the models in a
2-dimensional plane, and population models make reli-
able predictions for these properties, unlike others (e.g.,
rates). Our additional consideration of evolutionary con-
straints for specific systems introduces a new element,
never used before in DNS population synthesis. In §2 we
describe our modeling method followed by our quantita-
tive analysis method in §3. In §4, we present our results
and discuss them in §5, ending with a summary in §6.
2. MODELING METHODS AND SIMULATIONS
2.1. StarTrack Population Synthesis Code and Models
in This Study
To simulate DNS formation, we adopt the population
synthesis code StarTrack (Belczynski et al. 2008). We
use a reference model with a given set of parameters, and
we then vary a large number of them from the reference
assumptions to assess their effect on DNS properties and
formation channels.
StarTrack adapts the fitting formulae by Hurley et al.
(2000) for single star modeling (time evolution of key
macroscopic physical properties) and it modifies them
to account for the effects of mass transfer to allow for
modeling of binary evolution. The mass-transfer treat-
ment (outside of the case of CE phases) has been tested
against and calibrated to mass-transfer sequences (see
Belczynski et al. 2008, and references therein). This code
has been used for a wide range of studies and applica-
tions involving modeling of interacting binaries with all
types of compact objects, and has been compared to and
demonstrated agreement with observations of such bina-
ries both in our Galaxy and in external galaxies since
the early 2000’s when the first version of the code was
produced. It has also been maintained and kept up to
date as our understanding of compact object formation
and stellar winds has evolved over the years. In par-
ticular, updated prescriptions for massive stellar winds
and their dependence on metallicity have been included
(Belczynski et al. 2010). Although a recent revision of
the code uses a compact object remnant mass func-
tion physically motivated by calculations of the super-
nova mechanism (Fryer et al. 2012), our results rely on
the remnant mass function calculated by Timmes et al.
(1996). An additional recent parametrization of the en-
velope binding energy parameter λ, a measure of the cen-
tral concentration of a stellar envelope which is relevant
for CE calculations, was added to Startrack after our
simulations were completed (Dominik et al. 2012) and is
not included in the version of the code used here.
Initial conditions for each population model are as fol-
lows: the primary star in the binary is formed on the
main sequence with a mass drawn from a power law dis-
tribution ∼ M−2.7 (Scalo 1986), while the secondary is
determined based on the mass ratio value drawn ran-
domly from a flat distribution between 0 and 1; the initial
orbital separation is logarithmically flat and the initial
eccentricity follows the dynamical-equilibrium distribu-
tion ∼ 2e. Allowing for wind mass loss, the primary star
is then followed through the Hertzsprung gap (HG), red
giant branch, He-main sequence, and asymptotic giant
branch (AGB). If the primary is massive enough, it will
collapse through a SN, leaving a compact remnant. As-
suming the binary is not disrupted during the first SN,
the secondary evolves through its lifetime, with possible
interruptions by mass transfer sequences and also driven
by wind mass loss and/or tides. Once it has evolved com-
pletely, if massive enough, the secondary will also leave
a compact remnant as the product of a SN. Asymme-
tries during the SN impart an (assumed instantaneous
with respect to the orbital period) kick to the neutron
star or black hole, altering the shape of the binary orbit,
following the equations of Kalogera (1996, 2000). The
formation of a DNS requires that both stars have pre-SN
masses within a specific range, such that the binary nei-
ther disrupts due to the SN kick nor does it merge prior
to the second SN. The particular variables and prescrip-
tions used are given in §2.1.1. The DNS population is
3TABLE 1
Parameters of the Known Double Neutron Stars
DNS ed P d Ps Pulsar Mass Companion Mass Evol. Constraintse References
[d] [ms] M⊙ M⊙
B1534+12 0.274 0.421 37.9 1.3332(10) 1.3452(10) Channel II 1
B1913+16 0.617 0.323 59.0 1.4408(3) 1.3873(3) Channel I or II 2, 3
J0737−3039 0.088 0.102 22.7 1.337(5) 1.250(5) Channel III 4
J1518+4904 0.249 8.634 40.9 1.56+0.13
−0.45
1.05+0.45
−0.11
5
J1756−2251 0.181 0.320 28.5 1.341(7) 1.230(7) 6
J1811−1736 0.828 18.779 104.2 1.62+0.22
−0.55
1.11+0.53
−0.15
7
J1829+2456 0.139 1.176 41.0 1.14+0.28
−0.48
1.36+0.50
−0.17
8
J1906+0746a 0.085 0.166 144.1 1.248(18) 1.365(18) 9, 10
J1753−2240b 0.304 13.638 95.1 11
B2127+11Cc 0.680 0.335 30.5 1.35(4) 1.36(4) 12
References. — 1 – Wolszczan (1991), 2 – Hulse & Taylor (1975), 3 – Taylor & Weisberg (1982), 4 –
Burgay et al. (2003), 5 – Janssen et al. (2008), 6 – Ferdman et al. (2014), 7 – Corongiu et al. (2004), 8
– Champion et al. (2004), 9 – Lorimer et al. (2006), 10 – Kasian (2008), 11 – Keith et al. (2009), 12 –
Jacoby et al. (2006)
a The observed pulsar in J1906+0746 is the unrecycled secondary.
b J1753−2240 is unconfirmed as a DNS, we therefore exclude it from our analysis. See §4.3
c B2127+11C is contained within the globular cluster M15 and is suspected to have formed dynamically,
therefore we exclude it from our analysis.
d Values for eccentricity and orbital period are rounded to 3 decimal places.
e We only use conservative evolutionary constraints. Most systems do not have enough information to place
any constraints on the evolution. See §3.2 and references for a more complete explanation.
given a constant birth rate over the past 10 Gyrs. After
the second SN, the orbital evolution due to gravitational
radiation is followed using the equations of Peters (1964)
until the current epoch.
2.1.1. Reference Model
Our reference model (Model 1) adopts most of the
the standard values suggested in Belczynski et al. (2008).
The few modifications are described below.
An Fe core-collapse supernova occurs when a star forms
a non-degenerate CO core massive enough to ignite stable
nuclear burning, creating progressively heavier elements
until the degeneracy pressure is overcome and the Fe core
burns explosively. If instead the CO core is formed par-
tially degenerate and reaches a critical mass of 1.08M⊙,
stable nuclear burning will ensue, creating a degenerate
ONe core. We assume that the entire CO core is burned
to form the ONe core and approximate that this grows
at the same rate that the CO core would. A resulting
ONe core more massive than 1.38 M⊙ is thought to col-
lapse in an electron capture supernova (ECS) while less
massive cores form ONe white dwarfs (WD). In our code
we vary the range within which the He core mass forms a
partially degenerate CO core (MHe,deg). In our reference
model, we set this range to 2.0 ≤ MHe,deg/M⊙ ≤ 2.5.
To stars undergoing an Fe core-collapse SN, we ap-
ply kick velocities randomly chosen from a Maxwellian
distribution with a dispersion velocity of 300 km/s, in
agreement with observations of the space velocities of sin-
gle pulsars (Hobbs et al. 2005). However Kitaura et al.
(2006) find that the neutrino heating mechanism occurs
faster and produces a smaller ejecta mass in an ECS, and
they conclude that ECS events impart a smaller kick ve-
locity to collapsing ONe degenerate cores (. 100 km/s).
In practice these specific boundary values on the CO
core, as well as its progenitor He-rich degenerate core,
are quite uncertain. Therefore in our code, we apply a
kick decreased by a factor of 10 to a star collapsing in an
ECS compared with the standard Fe-core case.
The mass transfer parameters on which we focus in this
analysis primarily deal with CE evolution. These phases
are treated using the equations provided by Webbink
(1984) and de Kool (1990). In this prescription, the effi-
ciency of orbital energy loss during a CE phase is deter-
mined by the efficiency parameter, αCE , and the binding
energy of an envelope is parametrized with λ. Since the
two parameters are degenerate in the energy conservation
formalism for CE evolution, in our models we vary the
product, αCEλ. We set αCEλ to be 0.5 for the reference
model. We do not attempt to calculate the mass accreted
within a CE, instead limiting the mass accreted to a ran-
dom amount between 0.05-0.1M⊙. The fraction of mass
lost that is accreted onto a main sequence star during
stable Roche lobe overflow is set at 0.5 for the reference
model. Stellar evolution codes show that HG stars lack a
steep entropy gradient across the core-envelope boundary
(Ivanova & Taam 2004), and numerical results indicate
that a HG star will merge with its companion upon en-
tering a CE (Taam & Sandquist 2000). In the reference
case, all CE with HG donors result in a merger.
We set the maximum NS mass to 2.5 M⊙, where NS
that become too massive collapse as black holes. See
Belczynski et al. (2008) for additional parameters deal-
ing with the calculation of winds, tides, and stellar struc-
ture in the reference model.
2.1.2. Varied Parameters
Overall, we tested 155 separate models, each of which
is listed in Tables 2 and 3.
We explore the effects of different Fe core-collapse su-
pernova kick velocities by testing Maxwellian distribu-
tions with smaller dispersion velocities of 150 km/s, 50
km/s, and a model with no kicks. We also test mod-
els in which the ECS kick velocity is varied, including a
model in which all SN kicks (Fe core-collapse and ECS)
have a velocity dispersion of 50 km/s. We test mod-
4TABLE 2
Top Models
Model αCEλ Kick
a Notesb log(Λ) log(Λevol) rank
c
[km/s]
1 0.5 300 -23.2 -23.8 35
2 0.25 300 -25.2 -26.4 75
3 0.3 300 -23.5 -24.4 54
4 1.0 300 -23.0 -25.2 64
5 0.5 300 HCE -23.4 -24.2 46
6 0.5 300 HG in CE -22.8 -23.4 16
7 0.5 300 HCE, HG in CE -22.8 -23.3 11
8 0.5 50 -21.9 -23.4 14
9 0.5 150 -22.4 -23.5 20
Note. — These models all have reference values (found in §2.1.1)
for parameters unlisted here.
a The kick velocity applied to a NS born in an Fe core-collapse SN is
drawn randomly from a Maxwellian distribution with this dispersion
velocity.
b HCE: NS accrete hypercritically in the CE; HG in CE: HG stars
are allowed to survive a CE.
c The rank of each model when ordered by Λevol.
els with the following ranges for MHe,deg which form
a partially degenerate CO core: 1.3-2.25, 1.7-1.9, 1.8-
2.1, 1.83-2.25, 1.83-2.5, 2.0-2.5, 2.2-3.0, 2.5-2.7 and 1.66-
3.24 M⊙. These ranges of masses are varied to in-
clude lower, higher, and wider ranges than the refer-
ence range. In dealing with the CE, we explore the pa-
rameter space of αCEλ, testing both higher and lower
values: 0.01, 0.05, 0.1, 0.2, 0.25, 0.3, and 1.0. We
do not test values of αCEλ > 1.0 corresponding to an
efficiency greater than 100% as this requires an addi-
tional energy source. We also test an alternative pre-
scription, formulated by Nelemans et al. (2000) in which
angular momentum, not energy, is parametrized (see
also Nelemans & Tout 2005). We further test models in
which we attempt to calculate the mass accreted by a NS
in a CE, set to be half the Bondi-Hoyle accretion rate.
Finally, we test models allowing HG donors to survive a
CE.
The maximum NS mass is set at 2.5 M⊙, but we test
models lowering the limit to 2.0 M⊙, which becomes rel-
evant in models allowing hypercritical accretion in the
CE. We alter the fraction of mass lost in a stable semi-
detached system by a non-compact accretor between 0,
0.1, 0.3, 1.0, and the default value of 0.5. Other vari-
ations from the reference model include decreasing the
wind strengths, decreasing the effectiveness of tides, al-
tering the mass below which the helium envelope be-
comes convective, using an alternative initial mass func-
tion for the secondary to create binaries with similar ini-
tial masses, altering the mass-radius relation for helium
stars, increasing the specific angular momentum of mat-
ter, and various combinations of these parameters.
We also adopt a couple more assumptions which we
do not vary in our set of models. One such variable is
the NS birth mass (1.35 M⊙ for Fe core-collapse SN and
1.26 M⊙ for an ECS). We make this assumption based on
observed masses of NS, and we expect that slightly alter-
ing the birth mass of NS will not significantly affect the
orbital periods and eccentricities of the DNS produced
(see O¨zel et al. 2012, and references therein). We also
do not vary the star formation rate. Although this is a
simple approximation, the star formation rate probably
does not vary by much more than a factor of 2 over the
past 10 Gyr (Rocha-Pinto et al. 2000).
3. MODEL ANALYSIS METHODOLOGY
We analyze our simulation results in the context of the
DNS orbital period-eccentricity plane, and their evolu-
tionary constraints. In Figure 1 the distribution of the
entire DNS population for our reference model is shown
in the first panel. The eight observed systems are over-
laid as diamonds on top of the distribution. The 68.3%,
95.45%, 99.7%, and 99.994% confidence levels of the DNS
population are displayed by contours in Figure 1. The
characteristic band, running from low eccentricity to high
eccentricity is due to the finite impulse of energy and
angular momentum by a kick imparted to the second
NS at its birth. Inspiral and circularization due to the
emission of gravitational radiation affect systems with
short orbital periods and large eccentricities. This band
of systems qualitatively matches the distributions found
by previous authors (Portegies Zwart & Yungelson 1998;
Belczyn´ski & Bulik 1999; Dewi 2010; Kiel et al. 2010).
We expand on the work of previous authors by includ-
ing the three additional plots in Figure 1. These plots
break down the entire population into three parts based
on their evolutionary channels described in the §3.1.
Table 2 provides the model parameters for the nine
models we discuss in detail hereafter. The additional
146 models are provided in Table 3. As discussed in
what follows, we find that the variables that have the
largest impact on our results are the He-core mass range
within which a partially degenerate CO core is formed,
kick velocity dispersion, whether a HG star is allowed to
survive a CE, the value of αCEλ, and whether hypercrit-
ical accretion is allowed in the CE.
3.1. DNS Evolutionary Channels
In the standard DNS formation model, the most im-
portant phases of evolution occur after the primary be-
comes a NS. Once the secondary evolves beyond the main
sequence, it may enter a phase of dynamically unstable
mass transfer. As mentioned in §1, we completely ig-
nore non-interacting systems because the short orbital
periods in observed DNS require mass transfer. The sec-
ondary will evolve onto the helium main sequence, pos-
sibly filling its Roche lobe upon evolving off the helium
main sequence in the so-called Case BB mass transfer
(Delgado & Thomas 1981). After forming a degenerate
core, the star will collapse forming a NS in either an Fe
core-collapse SN or an ECS.
Variations from the standard paradigm have been
discussed in the literature or seen in popula-
tion synthesis studies (Bhattacharya & van den Heuvel
1991; Brown 1995; Portegies Zwart & Yungelson 1998;
Belczynski et al. 2002). We find the scenario outlined
by Brown (1995) in which the initial mass ratio is close
to unity, and the individual stars in the binary evolve
off the main sequence together, forming double common
envelopes occurs in less than 1 percent of systems, and
ignore them in our analysis, (however see Schwab et al.
2010). While we find some NS form through the accre-
tion induced collapse of a WD the population is insignif-
icant and we disregard them. Taking the standard for-
mation paradigm outlined above, we can break down our
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Fig. 1.— The DNS population of Model 1, our reference model, is split into evolutionary histories. The first panel includes the whole
simulated population and the eight DNSs (open diamonds) in Table 1. The other three panels split the population into the three evolutionary
channels defined in Section 3.1. The DNSs J0737−3039, B1913+16, and B1534+12 are indicated by solid diamonds within their evolutionary
channel restrictions described in Section 3.2. The four contours correspond to the 68.3%, 95.45%, 99.7%, and 99.994% confidence levels,
normalized to the full population.
models into three different evolutionary tracks depend-
ing on whether or not the system went through stable
mass transfer after a CE (Case BB mass transfer), and,
if it did, whether the second NS was formed in an ECS
or an Fe core-collapse SN.
Channel I : As the simplest of our three formation
channels, the systems that are created this way have the
fewest constraints on their evolution. Therefore this DNS
population covers the widest range in orbital period and
eccentricity which can be seen in the second panel in Fig-
ure 1. Following the formation of the first NS, the sec-
ondary evolves off the main sequence; the orbits of this
population are wide enough that the massive star fills its
Roche lobe when a significant convective envelope has
developed and a CE ensues. The NS companion is mas-
sive enough that it eventually forms an Fe core before
collapsing into the second NS in the system.
Channel II : In this channel, the binary orbit is tight
enough following the CE event that once core He burn-
ing has finished the star expands, filling its Roche lobe
again in Case BB mass transfer; provided the He star has
not developed a fully convective envelope, mass transfer
onto the first NS is stable (see Ivanova et al. 2003). The
secondary evolves to form an Fe core and eventually col-
lapses in a SN. Comparing panel two to three in Figure
1 shows that this stable mass transfer phase produces a
DNS population with shorter orbital periods than that
of Channel I.
Channel III : These systems follow a similar evolution
to Channel II, except prior to core-collapse, the secon-
daries have lower He core masses, leading to NS forma-
tion through an ECS. These lower mass He star progen-
itors always expand significantly leading to the second
phase of mass transfer onto the primary NS. Unless the
system has a very small orbital separation, this phase of
mass transfer is stable (Dewi et al. 2002; Ivanova et al.
2003). Since ECS kick velocities are small, the result-
ing DNS orbital geometries are more dependent on the
mass loss of the secondary during NS formation. Due to
the tight constraints on the mass of the secondary imme-
diately prior to the SN (the secondary star has a mass
within a narrow range such that carbon is allowed to
burn, but oxygen is not), the resulting population has a
very narrow distribution of geometries. This can be seen
by the relatively narrow distribution of systems in Fig-
ure 1. Combined with the small kick velocities, systems
going through this evolutionary channel tend to have sys-
tematically lower eccentricities.
3.2. Evolutionary Constraints
A few known DNS systems have such characteristics
that a number of different groups have been able to de-
rive firm constraints on their evolutionary history, and
we are able to confidently place them in the channels de-
scribed here. Having this knowledge allows us to take a
step further and, for the first time, impose evolutionary
constraints on the population formation. In what fol-
lows we summarize the origin of these evolutionary con-
straints on the three best studied DNS systems. Once
these constraints are imposed, we use the best models to
draw conclusions about the most likely channels through
which the rest of the DNS systems have evolved (§4.3).
J0737−3039 : The binary pulsar is probably the most
widely studied DNS in terms of its evolutionary history,
which is now generally agreed upon. After the primary
star became a NS, the secondary had to evolve off its
main sequence filling its Roche lobe in the process and
forming a CE. Both Dewi & van den Heuvel (2004) and
Willems et al. (2004) conclude, based on the current ge-
ometry of the system, that it must have filled its Roche
lobe prior to the second SN. Based on the small proper
motion measurement and close proximity to the galac-
tic disk, Piran & Shaviv (2005) conclude that the He
star progenitor of J0737−3039B was probably < 2.1M⊙,
and the system received a SN kick . 80 km/s at birth.
This possibility, although more complex in its origin
than claimed by Piran & Shaviv (2005), was confirmed
by other studies (Willems et al. 2006; Stairs et al. 2006;
van den Heuvel 2007; Wong et al. 2010; Ferdman et al.
2013; Dall’Osso et al. 2014). Limits on the He star pro-
genitor mass for this system preclude the second born
NS from having ever formed an Fe core (Nomoto 1987);
6prior to core-collapse, it was only massive enough to form
an ONe core. This constraint combined with its very low
natal kick requires that this system formed in an ECS.
Recently, a population synthesis study by Dewi (2010)
showed that the He star progenitor of J0737−3039B
could not have overflowed its Roche lobe in a second CE
event; instead the mass transfer phase by the He progen-
itor must have been stable. Thus, we can conclude that
J0737−3039 was formed through Channel III.
B1534+12 : This system, too, has been studied quite
extensively (Willems et al. 2004; Thorsett et al. 2005;
Stairs et al. 2006; Wong et al. 2010). All groups agree
that the only possible way to explain all the system pa-
rameters was if the secondary had gone through a phase
of stable mass transfer as a He star. However, this sys-
tem differs from J0737+3039 in two ways. First, the
second NS has a mass of 1.35 M⊙, consistent with the
expected remnant of an Fe core-collapse SN. Second, the
natal kick magnitude for this second NS is constrained
to be high, on order of several hundred km/s. Based on
our assumptions about ECS, we place B1534+12 within
Channel II.
B1913+16 : Although many authors have commented
on the restrictions of the kick velocity and direc-
tion required to form B1913+16, the evolutionary con-
straints on the system’s formation channel are less strong
(Fryer & Kalogera 1997; Willems et al. 2004; Ihm et al.
2006; Wong et al. 2010). According to these studies, the
kick velocity forming the second NS must have been large
(& 300 km/s), and the mass of the secondary NS is the
expected result of an Fe core-collapse SN, so an ECS is
ruled out for the formation of the secondary NS. How-
ever, since the mass transfer history of this system has
not yet been constrained, we can only restrict B1913+16
to have evolved through either Channel I or Channel II.
3.3. Statistical Analysis
To quantitatively analyze the comparative goodness of
fit for each model, we adapt the Bayesian analysis used in
Ihm et al. (2006) to fit for two independent parameters,
orbital period and eccentricity. We begin by applying
Bayes’s Theorem to our results:
P(M |D) =
P(D|M)P(M)
P(D)
(1)
where P(M |D) is the probability of the model being cor-
rect given the data, P(D|M) is the probability of the
data given the model, P(M) is the prior probability of
the model, and P(D) is a normalizing constant that is in-
dependent of model, M . Our analysis, however, includes
prior evolutionary constraints, so Bayes’s Theorem be-
comes:
P(M |D,E) =
P(D|M,E)P(E|M)P(M)
P(D,E)
(2)
where P(M |D,E) is the value which we are calculating:
the probability that our model is correct, given the data.
P(D|M,E) is the probability of the observed values given
our model. P(E|M) is the probability that, given our
model, the evolutionary constraints for the data are sat-
isfied. P(M) is our prior, the a priori probability that
each particular model is correct. We give each model the
same prior probability. Let
C =
P(M)
P(D,E)
(3)
yielding:
P(M |D,E) = CP(D|M,E)P(E|M) (4)
Because we have given each model the same prior prob-
ability, C is independent of model. Let Λ(D)evol be
Λ(D)evol ≡ P(D|M,E)P(E|M). (5)
Since C is independent of model, the values of Λ(D)evol
give the relative probabilities of each model. Now, we
substitute orbital period, P , and eccentricity, e, for our
data in our equation for Λ(D)evol. Due to the indepen-
dence of each observed DNS, the probability of the data
set given the model is equal to the product of the prob-
abilities of each independent system:
Λ(D)evol =
∏
i
P(ei, Pi|M,Ei)P(Ei|M) (6)
It is necessary to include a subscript with E because
there are different evolutionary constraints on each ob-
served system. P(Ei|M) can be easily determined as the
fraction of systems that go into each evolutionary chan-
nel.
The errors for the values of eccentricity and orbital pe-
riod are extremely small and can be ignored. Therefore,
calculating P(e, P |M,Ei) reduces to finding the proba-
bility density of our model distributions at each point in
the two dimensional space corresponding to the observed
DNS. Because our data space is two-dimensional, and
each model carries no additional parameters, we do not
need to use MCMC-type methods in the computation of
the model posterior; instead we calculate P(e, P |M,Ei)
by binning the simulated systems into two dimensions
for each evolutionary channel. We use a bin size of
∆e = 0.033 in eccentricity and ∆log(P ) = 0.167 in or-
bital period. Varying the bin size gives a good handle
on the inherent error of our statistical method. Using
equation (5), the value we are calculating, Λ(D)evol, is
equal to the product of the probability density of each
bin that corresponds to the observed systems. We find
that, although our models have values of Λ(D)evol that
vary by several orders of magnitude, Λ(D)evol changes
within a single model by at most a factor of a few as
the bin size varies over reasonable ranges, so our model
rankings are insensitive to our choice of binning.
It is useful to determine the dependencies of our re-
sults on our use of evolutionary constraints. To do this,
we marginalize over the nuisance parameter of the evo-
lutionary channels. The analysis is performed similarly,
the only exception being our entire model distribution
is binned in two dimensions without evolutionary con-
straints. In this case, Λ(D) can be defined as:
Λ(D) =
∏
i
P(ei, Pi|M) (7)
The values for Λ(D) (hereafter Λ) will, in general, differ
from the values we find for Λ(D)evol (hereafter Λevol).
4. RESULTS
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Fig. 2.— The resulting population of DNSs for Models 2 through 5. Contours and symbols are the same as in Figure 1. Varying
αCEλ strongly affects the distribution of DNS, particularly in Channel III. The top row of plots shows the distribution for Model 2, with
αCEλ=0.25. The second row shows the distribution for Model 3, with αCEλ=0.3, while the third row shows the distribution for the energy
conservative model, Model 4 with αCEλ = 1.0. The last row shows the distribution for Model 5, which allows NS to accrete hypercritically
in a CE.
In what follows we analyze our results and draw con-
clusions in the context of a number of different ques-
tions. First we examine how the model behavior on the
P−e plane is affected by a few critical model parameters.
We then use the likelihood calculation for two cases, one
that includes only the P −e measurements as constraints
and one that accounts for the evolutionary constraints of
the three systems discussed in § 3.2, and we identify the
most favored models and discuss their parameters. For
these top models, we also calculate the branching ra-
tios through the three evolutionary channels and try to
identify the most likely channel for all eight DNS in the
known sample.
4.1. Influence of Key Model Parameters
The models in Figures 2 and 3 demonstrate the influ-
ence of the energy efficiency in CE evolution, SN kicks, as
well as hypercritical NS accretion and survival through
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Fig. 3.— The resulting population of DNSs for Models 6 through 9. Contours and symbols are the same as in Figure 1. Model 6 does
not allow HG stars to survive a CE. Although previous studies have shown that this has a large effect on the DNS merger rate, comparison
with Figure 1 shows that the qualitative difference between the two distributions is minor. Model 7 does not allow HG stars to survive a CE
and also allows NS to accrete hypercritically in a CE. Models 8 and 9 show the effects of varying the Maxwellian kick velocity dispersions
from 300 km/s to 50 km/s and 150 km/s, respectively.
the CE phase when the donor star is in the HG.
As expected, tighter orbits are produced by models
with less efficient CE phases, those with smaller αCEλ
values. This is reflected in Models 2, 3, and 4 with
αCEλ = 0.25, 0.3, and 1.0, respectively in Figure 2. This
figure further demonstrates the effect on branching ra-
tios between the models; smaller CE efficiencies lead to
proportionately fewer systems becoming DNS through
Channel III. The interplay of these two effects demon-
strate the difficulty in finding models that reproduce
J0737−3039. Models 4 and 5, which also have difficulty
of producing systems similar to J0737−3039, nonethe-
less remain viable models due to their increased ability
to reproduce other DNSs, particularly J1518+4904 and
J1829+2456.
Smaller NS natal kick velocities result preferably in
less eccentric DNS orbits. Model 8 with a kick veloc-
ity dispersion of 50 km/s in Figure 3 shows how the
9highest concentrations of DNS tend to have eccentrici-
ties smaller than 0.5. Although these low kick models
better reproduce the small eccentricity DNS, they have
difficulty reproducing B1913+16. Low kick models alter
the branching ratios, creating more DNS through Chan-
nel I. Model 9 in Figure 3, which applies kicks with a 150
km/s dispersion, shows an intermediate between Model
8 and the standard model.
Model 5 in Figure 2 demonstrates the shift toward
slightly longer orbital periods when NS are allowed to
accrete hypercritically in a CE. Such accretion increases
the NS mass, reduces the envelope mass to be ejected and
therefore requires a smaller degree of orbital contraction
for envelope ejection. On the other hand, allowing HG
stars to survive the CE phase, if there is enough orbital
energy initially, has an almost negligible effect as seen
by Model 6 in Figure 3. There is a slightly higher den-
sity of systems at the shortest orbital periods in Channel
III. Model 7, which both allows NS to accrete hypercrit-
ically as well as allows HG stars survive a CE, shows the
combination of these two effects, as expected.
In their study of double compact object merger rates,
Dominik et al. (2012) find that only relatively close bi-
naries will overfill their Roche lobe while the donor is on
the HG. If these donors are allowed to survive a CE, they
will produce tight binaries that merge relatively quickly
due to gravitational wave radiation (as evidenced by their
short calculated delay time distribution), resulting in an
increased DNS merger rate. Since these systems merge
soon after their formation, they are unlikely to be ob-
served as DNS. Therefore, while this evolutionary chan-
nel may significantly contribute to the DNS merger rate,
its effect on the distribution of observed DNS in P − e
space is negligible.
Using a range for MHe,deg of 1.83-2.5 M⊙ populates
Channel III, while the number of systems formed through
Channel III drops precipitously for a slightly lower range
of 1.83-2.25M⊙. We further find that while we test sev-
eral different ranges, we find that only those models with
a range for MHe,deg of 1.83-2.5 M⊙ and 2.0-2.5 M⊙ pro-
duce DNS through Channel III in reasonable numbers.
If the He star mass range is not high enough, either the
partially degenerate CO core will not become massive
enough (>1.08M⊙) to begin stable C burning, or the re-
sulting ONe core will not reach the Chandrasekhar limit
(1.38 M⊙) and leave an ONe WD remnant.
Constraints on MHe,deg were independently proposed
by Linden et al. (2009) who analyzed the population
of high mass X-ray binaries in the Small Magellanic
Cloud. They found that if X-ray binaries were not
formed through an ECS, the numbers of observed sys-
tems with ages 20-60 Myr could not be explained. How-
ever, when using a range for MHe,deg that allowed X-ray
binaries to be formed through ECS, X-ray binaries were
formed with the correct age distribution. Although they
did not determine the best range for MHe,deg, their fidu-
cial range of 1.83-2.25 M⊙ compares to our preferred
ranges for MHe,deg of 1.83-2.5 M⊙ and 2.0-2.5 M⊙.
4.2. Best-fit Models and their Parameters
Following the analysis of §3.3, we evaluate each of our
155 models by calculating the two likelihoods, Λ and
Λevol, without and with the evolutionary constraints, re-
spectively; the values are shown in Figure 4 in decreasing
order across model number. The ordering is performed
separately in each panel. When evolutionary constraints
are included in the analysis, the number of viable mod-
els drops from >100 to 70. We select these 70 models
as their Λevol value is within three orders of magnitude
of the highest likelihood model. Our remaining discus-
sion will be confined to these “best-fit” models indicated
by the dotted line in the bottom panel of Figure 4. Ta-
ble 2 shows the input parameters of the top 70 models,
including the reference model.
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Fig. 4.— Our models ranked in order of decreasing likelihood.
The top panel shows the top models for Λ, while the bottom panel
shows the top models for Λevol. The ordering is performed sepa-
rately for each panel. The bottom panel shows that most of our
models are not viable. We chose the top 70 for further analysis,
shown by the dotted line in the bottom panel.
Within the top 70 models, there is little preference
either for or against models allowing hypercritical accre-
tion in the CE or allowing HG stars to survive a CE. Fur-
thermore, the secondary parameters have little effect on
the resulting distributions. These include changing the
mass beyond which a helium core is fully convective, us-
ing an angular momentum prescription to calculate the
CE evolution, altering the efficiency of mass accretion
during stable mass transfer, altering the wind mass loss
prescription and decreasing the maximum allowed neu-
tron star mass.
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Two different ranges for MHe,deg dominate the top
models in Table 2: 1.83-2.5 M⊙ and 2.0-2.5 M⊙. This
is due to the difficulty for other ranges to create DNS
through Channel III, a necessity for forming J0737−3039.
There is an interplay between αCEλ and the natal
kick velocities applied in our models: low kick mod-
els push the distributions toward smaller eccentricities,
while high CE efficiency models push the distributions
toward longer orbital periods. Combined, these mod-
els make it difficult to form J0737−3039 through Chan-
nel III. Therefore, when evolutionary constraints are ap-
plied to the models, the models most often eliminated
are those with αCEλ = 1 and a low kick velocity. This is
consistent with independent but similar constraints de-
rived by Linden et al. (2009) who argue that large Fe
core-collapse kicks and small ECS kicks are required to
explain the population of high mass X-ray binaries within
the Small Magellanic Cloud. Nevertheless, there are vi-
able models with all three kick velocities that we test.
We note that in models with a kick dispersion velocity
of 300 km/s, the bulk of DNS are formed with e > 0.4,
while only two of the eight known DNS have such high
eccentricities. We show in §5.2 that this is unlikely to be
due to a bias against detecting high eccentricity DNS.
Figure 5 shows the branching ratios of the top models,
ordered by decreasing Λevol. The majority of DNS in
these top models are formed through channel II shown as
a green line. These systems are characterized by partially
recycled primary NS, and secondary NS with masses of
∼1.35 M⊙, consistent with many of the DNS in Table 1.
The red line in Figure 5 shows that in these models, DNS
are formed in appreciable numbers through Channel III.
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Fig. 5.— The branching ratios for each evolutionary channel.
Models are ordered by decreasing Λevol. Blue, teal, and red cor-
responds to channels I, II, and III, respectively. Channel II is the
dominant formation channel, however many models have Channels
I and III producing nearly half of all DNS.
4.3. Most Likely Evolutionary Channels for DNS
Systems
One motivation for the present study is to examine
whether we can identify the statistically-favored evo-
lutionary models for the DNS systems, for which, at
present, it is impossible to identify their evolutionary
history based on their individual studies. With this in
mind, we re-assess the branching ratios for the best-fit
Λevol models (which have been “calibrated” against the
systems with known evolutionary channels) in direct con-
nection with the observed systems. For each observed
system and for each best-fit model, we select the sub-
population of model systems with eccentricities and or-
bital periods in the same 2D bin as is used to calcu-
late our Λevol values in §3.3. The evolutionary channel
branching ratios are calculated as the proportion of sys-
tems falling within this bin that go through each evolu-
tionary channel. Varying the bin size affects the evolu-
tionary channel branching ratios at the 10-15% level.
The results for all 70 viable models are shown in Fig-
ure 6. For systems such as B1913+16 and J1518+4904,
one channel is clearly favored statistically, although this
is not necessary the channel that actually formed each
system. A few of these models are peculiar. The mod-
els at 31 and 48 are models that calculate CE evolu-
tion based on the conservation of angular momentum
not energy. Although our statistical analysis gives each
model an equal prior, modern discussions generally disfa-
vor this prescription (Webbink 2008; Woods et al. 2011;
Ivanova et al. 2013).
J0737−3039: This is the prime example illustrating
that the statistically favored channel is not necessarily
the true channel. In this case, the former is Channel II,
while the latter is Channel III, based on the analysis of
all its observed characteristics (as discussed in § 3.2). In
Figure 6, the red line representing Channel III shows that
in all models, no more than half of all DNS are formed
through this pathway.
B1534+12: The requirement of B1534+12 to form
through Channel II is in agreement with the branch-
ing ratio results shown in Figure 6; in this case the sta-
tistically favored channel is also the true channel. As
discussed in § 3.2 the mass measurements and NS kick
constraints indicate that B1534+12 could not have been
formed in an ECS, precluding formation through Chan-
nel III, the other likely evolutionary channel in Figure
6.
B1913+16: Prior evolutionary constraints restrict
B1913+16 to be created through either Channel I or
II. In Figure 6 we see that, of these two, Channel II
is greatly favored from a statistical point of view. The
models at 31 and 48 correspond to models that calculate
CE evolution based on an angular momentum conserva-
tion description. Hence we can say that B1913+16 most
likely went through a phase of stable mass transfer prior
to the second SN event. This can be attributed to both
Channel II having a much higher branching ratio as well
as the systems going through Channel I being formed at
larger orbital periods.
J1756−2251: Recent observations by Ferdman et al.
(2014) indicate the pulsar companion in J1756−2251 has
a mass of 1.23 M⊙. The low mass combined with their
newly measured tangential velocity of ∼20 km s−1 sug-
gests that the pulsar companion may have been born
in an ECS. If that is the case, J1756−2251 must have
been formed through Channel III. The branching ratio
for Channel III (red in Figure 6) varies between 10% and
60% for J1756−2251, indicating this possibility. If we
add the constraint requiring J1756−2251 to be formed
through Channel III, the resulting Λevol values do not
change significantly.
J1906+0746: J1906+0746 is unique in that the ob-
served pulsar is the second-born NS in the system. A
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Fig. 6.— Blue, teal, and red correspond to channels I, II, and III, respectively. Again, models are ordered by decreasing Λevol. Model
predictions for the branching ratios for each DNS are shown. Our evolutionary priors are shown by the bold lines: teal for B1534+12, blue
and teal for B1913+16, and red for J0737−3039.
mass measurement for the pulsar indicates it may have
been born in an ECS, constraining the system to Chan-
nel III. Figure 6 indicates that this system almost cer-
tainly went through either Channel II or III. Through
future analysis of the galactic position and velocity of
J1906+0746, it may be possible to determine if it went
through a phase of stable mass transfer, and therefore
Channels II or III. However, with the available informa-
tion we cannot differentiate between the two channels, as
the branching ratios in Figure 6 indicate both are possi-
ble.
J1811−1736: The branching ratios in Figure 6 indi-
cate that J1811−1736 likely evolved through Channel I
or II. Its relatively large orbital period means formation
through Channel III is rare for most models. Models 7,
8, and 9 in Figure 3 show this is because of the difficulty
of forming a DNS with large orbital periods and eccen-
tricities through the low velocity kick applied in an ECS.
The models that allow for the formation of J1811−1736
through Channel III tend to be those with higher kick ve-
locities, and hence larger ECS kicks. Based on their mea-
surements of the relativistic periastron advance and the
low derived system mass, Corongiu et al. (2007) suggest
that J1811−1736 was born with a low velocity kick. Al-
though uncertainties in the current mass measurements
for the system are too large to determine evolutionary
constraints, Corongiu et al. (2007) calculate that a sec-
ond post-Keplerian parameter may be measureable in the
near future. If future observations indicate this system
was formed through Channel III, it could provide an im-
portant constraint on ECS kicks.
J1518+4904: The ∼8.6 day orbital period and eccen-
tricity of 0.249 for J1518+4904 make its formation diffi-
cult. The distributions in Figures 2 and 3 show that most
DNS are formed at either smaller orbital periods or larger
eccentricities. Although a few models form J1518+4904
through Channel II or III, Figure 6 indicates it was most
likely formed through Channel I. Observational errors on
the mass estimates are too large to indicate whether the
companion was born in an ECS event or not.
J1829+2456: Depending on the individual model, Fig-
ure 6 shows that J1829+2456 formed through any of the
three evolutionary channels. Poor mass constraints do
not allow any further indication. Future observations
may provide further constraints on its evolution.
5. DISCUSSION
5.1. Partial Recycling
While there is little observational evidence to distin-
guish between different evolutionary channels, one such
piece of evidence could be the degree to which the first-
born NS has been recycled. Ivanova (2011) has argued
that the mass losing star in a CE will go through a phase
of thermal readjustment upon envelope expulsion. Dur-
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Fig. 7.— The distribution of systemic velocities of the DNS formed by (from left to right) Model 8, 9, and 1. Model 1 with a Maxwellian
kick dispersion velocity of 300 km/s produces a tail of DNS with systemic velocities extending up to 400 km/s. However, the bulk of the
DNS are formed with systemic velocities less than 200 km/s.
Fig. 8.— The probability at which a DNS will fall within the
Parkes multibeam pulsar survey region (|b| < 5◦ and 260◦ < l <
50◦) as a function of the velocity applied to the system. The de-
tails of our Galactic model and our calculation of the detection
probability are provided in §5.2.
ing this phase a NS companion can be mildly recycled.
Investigation of Table 1 shows that there may be in fact
a bifurcation spin periods in the primary NS: those with
Ps . 50 ms and those with Ps & 100 ms. If this argument
is accurate, then J1811−1736 went through Channel I,
avoiding any stable mass transfer after the CE phase,
while the other systems with shorter spin periods went
through Channel II or III. J1906+0746 is an exception
because we do not know the spin period of the primary
NS.
Comparison with Figure 6 shows that this idea is con-
sistent with most of the results of our analysis here. In
roughly half of our viable models, Channel I is preferred
for J1811−1736. With a few exceptions, other systems
prefer Channel II (in agreement with their shorter spin
periods) except for J1518+4904 which our results here in-
dicate was likely formed through Channel I. Either this
system, too, formed through Channel II, or the primary
NS in J1518+4904 accreted enough material in a CE to
recycle the primary to its current spin period of 40.9 ms.
5.2. Observational Biases
Our statistical analysis discussed in §3.3 relies on the
assumption that all DNS have an equal detection like-
lihood. For example, a strong bias against detection of
DNS with large eccentricities means that high kick ve-
locity models, which produce on average more eccentric
DNS, will not be as disfavored as the Λevol values indi-
cate. In principle our DNS distributions could be con-
volved with any observational bias for a more accurate
comparison to the observed DNS.
One such bias deals with the observability of pulsars
in DNS which is a function of a number of intrinsic pa-
rameters such as the beaming fraction, magnetic field
strength, age, and spin period as well as particular pa-
rameters such as the distance and direction from the
Sun. However, since we ignore non-interacting DNS, our
model assumes that every DNS contains a partially re-
cycled pulsar, each with an equal probability of being
observed. Absent any deeper understanding of the con-
nection between a pulsar’s characteristics and its prior
evolution, we take this to be a reasonable approxima-
tion.
An additional bias could be caused by Doppler smear-
ing of pulsars in short orbital periods. Due to the high
accelerations in such systems over the course of a single
observation, close binaries suffer a decreased detection ef-
ficiency. Bagchi et al. (2013) analyzed the detectability
of binary pulsars in surveys, finding that modern accel-
eration searches (e.g. PRESTO) were greater than 80%
efficient at detecting pulsars in DNS for typical param-
eters. Interestingly, they found systems with the short-
est orbital periods and lowest eccentricities suffered the
strongest biases, which still have a detection efficiency
greater than 50%.
A potentially more pernicious bias could be introduced
by the limited sky coverage of pulsar surveys, typically
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close to the Galactic plane. Binaries that gain large sys-
temic velocities due to the NS natal kicks may therefore
be missed. Such DNS would likely have significant ec-
centricity and a large orbital period, possibly helping to
explain the relative dearth of such systems despite the
predictions by our simulations. We first investigate the
systemic velocities of our resulting DNS populations.
The distribution of systemic velocities, normalized to
the highest bin, for Models 8 (σkick = 50 km/s), 9
(σkick = 150 km/s), and 1 (σkick = 300 km/s) are shown
in Figure 7. We expect these three models to be rep-
resentative of the different kick velocity models of our
entire set. Calculated from the equations in Kalogera
(1996), this systemic velocity arises from both the mass
lost from the collapsing object as well as the kick ap-
plied to the newly born NS. Model 8 produces DNS with
systemic velocities peaking at 35 km/s. Model 9 and 1
both produce DNS with systemic velocities peaking at
75 km/s, although the higher kick velocity Model 1 has
a high velocity tail. Can these systemic velocities create
a bias against detection strong enough to significantly
affect our quantitative results?
To determine this magnitude of any effect, we create
a model Milky Way-like galaxy composed of a three-
component potential defined in Appendix A of Wex et al.
(2000). DNS are born in a double exponential, axisym-
metric disk with a scale length of 2.80 kpc and scale
height of 70 pc, and are given an initial velocity corre-
sponding to circular rotation. The motion of the DNS
through the Galaxy is calculated using a Runge-Kutta
fourth-order scheme. The binary is evolved for 20 Myr
(the approximate evolution time of the binary prior to
the birth of the second NS) before a systemic velocity
is applied. The systemic velocity is applied to the sys-
tem in a randomly chosen direction. The system is then
evolved for a Gyr and the location of the binary recorded
throughout this evolution at intervals of a Myr. This lo-
cation is translated into a galactic longitude and latitude
as referenced from the Sun, placed at 8.5 kpc from the
center of the Galaxy. We repeat this process, simulat-
ing the motion of 1000 binaries throughout the Galaxy,
each with a different randomly-chosen initial position and
systemic velocity direction. We then determine the per-
centage of the resultant Galactic longitudes and latitudes
that fall within a region near the Galactic Plane, using as
a fiducial region the Parkes multibeam pulsar survey area
(Manchester et al. 2001): |b| < 5◦ and 260◦ < l < 50◦.
Figure 8 shows this percentage over the relevant range
of systemic velocities. We find that when no velocity is
applied, a DNS has a 93% chance of falling within the
Parkes multibeam pulsar survey region. That number
falls to 85% for systemic velocities of 100 km/s and 69%
for systemic velocities of 200 km/s.
We test the strength of this bias on Models 8, 9, and
1 with Maxwellian kick dispersion velocities of 50, 150,
and 300 km/s, respectively. For each simulated system
in the three models, we find the detection probability
from Figure 8 corresponding to its individual systemic
velocity. We then convolve observational biases into our
distributions in P − e space by selecting a subset of our
original distribution. Each simulated DNS has a chance
equal to its calculated detection probability of being in-
cluded into the subset. In Model 1 (with the highest kick
velocities and hence the strongest expected effects of the
three models) roughly 80% of all systems are unaffected.
The effects of this observational bias are seen in Figure
9; the top panels provide the full distributions of DNS
for our three test models while the bottom panels show
the distributions convoluted with the observational bias.
The resulting distributions are nearly qualitatively iden-
tical. Since our quantitative results are robust to a factor
of several orders of magnitude, we can safely ignore this
observational bias as potentially altering our conclusions
in this study.
6. SUMMARY
We generate populations of DNS using a binary popu-
lation synthesis code. In total, we test 155 models. The
simulated distributions are broadly consistent with the
orbital periods and eccentricities of the known systems.
These distributions are split into three separate evolu-
tionary channels based on two criteria: if the secondary
star entered a phase of stable Roche lobe overflow as
a He star and if the secondary formed a NS in an Fe
core-collapse SN or an ECS. Previous authors have con-
strained the evolutionary histories of three of the eight
known DNS: B1913+16, B1534+12, and J0737−3039.
For the first time, we combine evolutionary constraints
on the three known systems with a Bayesian analysis
to quantitatively estimate the relative likelihood of each
model. Of our 155 total models, we find that 70 can
create B1913+16, B1534+12, and J0737−3039 through
their constrained evolutionary channels.
We use these 70 viable models to further constrain bi-
nary evolution parameters. We find that a common en-
velope efficiency αCEλ . 0.25 is effectively ruled out. Al-
though values between 0.3 and 1.0 are allowed, 0.5 tends
to fit the data best. Since evolutionary codes typically
find λ < 1 for the high-mass AGB donor stars within a
CE, DNS formation may require efficient CE evolution.
More work is required to determine if this requires αCE
greater than unity. The most constraining parameter is
MHe,deg, the He core mass which allows the formation of
a partially degenerate CO core. Of all the mass ranges
we test, only 1.83-2.5 M⊙ and 2.0-2.5 M⊙ allow for the
formation of J0737−3039 in reasonable numbers. We test
models with NS natal kicks drawn from a Maxwellian dis-
tribution. Models survive with all three tested dispersion
velocities (50, 150, and 300 km/s).
We can further use our 70 viable models to constrain
which evolutionary channels formed each of the eight
known DNS. We find that B1534+12 likely went through
Channel II, in agreement with its evolutionary con-
straint. Although previous work constrains B1913+16
to have gone through either Channel I or II, our results
here indicate it most likely went through Case BB mass
transfer in our Channel II. Although difficult to form
in general, J0737-3039 could have been formed through
Channel III, in agreement with its evolutionary con-
straint. J1756−2251 and J1906+0746 may have been
formed through Channel III, consistent with the idea
that ECS produce low mass NS. J1811−1736 likely went
through Channel I or II, however if future observations
and analysis indicate it was born through Channel III,
it could place a strong constraint on ECS kick veloci-
ties. Our models indicate J1518+4904most likely formed
through Channel I. It is clear that understanding the evo-
lutionary history of known DNS systems provides strong
14
Fig. 9.— The top panels show the distributions of DNS in P − e space for models 8, 9, and 1, with Maxwellian kick dispersion velocities
of 50, 150, and 300 km/s, respectively. The bottom panels show the distributions from the same models, convolved with the detection
probability shown in Figure 8. It is evident that the differences are minimal.
constraints on population models and helps us further
constrain NS formation.
As already discussed J0737−3039 appears to have
formed through channel III, which systematically has
a lower branching ratio compared to channel II (no
more than about 50% as shown in Figure 6). These
low branching ratio values may seem in contrast with
early indications that the formation rates of pulsar bi-
naries similar to J0737−3039 dominate the total DNS
by a factor of 6-7 (Kalogera et al. 2004). However,
the most recent analysis of the double pulsar system
(Kim et al. 2013) concludes that current beaming con-
straints lead to the empirical DNS rates being compara-
ble for J0737−3039 and B1913+16.
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TABLE 3
All Models
Model ECS Rangea αCE Kick
b HCEc CEd Notese log(Λ) log(Λevol) Rank
f
[M⊙] [km/s]
10 1.83-2.25 0.3 150 on off -23.1 -50.0 140
16
TABLE 3 — Continued
Model ECS Rangea αCE Kick
b HCEc CEd Notese log(Λ) log(Λevol) Rank
f
[M⊙] [km/s]
11 1.83-2.25 0.3 300 on off -23.7 -50.0 139
12 1.83-2.25 0.3 50 on off -23.2 -50.0 138
13 1.83-2.25 0.5 150 on off -23.2 -50.0 137
14 1.83-2.25 0.5 300 on off -23.6 -50.0 136
15 1.83-2.25 0.5 50 on off -23.8 -50.0 135
16 1.83-2.25 1.0 150 on off -23.2 -50.0 134
17 1.83-2.25 1.0 300 on off -23.5 -50.0 133
18 1.83-2.25 1.0 50 on off -23.5 -50.0 132
19 1.83-2.25 0.3 150 off off -23.2 -50.0 131
20 1.83-2.25 0.3 300 off off -24.7 -26.8 79
21 1.83-2.25 0.3 50 off off -21.9 -50.0 130
22 1.83-2.25 0.5 150 off off -22.3 -50.0 129
23 1.83-2.25 0.5 300 off off -23.2 -50.0 128
24 1.83-2.25 0.5 50 off off -21.8 -50.0 127
25 1.83-2.25 1.0 150 off off -22.6 -50.0 126
26 1.83-2.25 1.0 300 off off -23.0 -50.0 125
27 1.83-2.25 1.0 50 off off -22.7 -50.0 124
28 1.83-2.5 1.0 300 on off -23.5 -50.0 123
29 1.83-2.5 0.3 150 on off -22.5 -23.1 7
30 1.83-2.5 0.3 300 on off -22.9 -23.3 13
31 1.83-2.5 0.3 50 on off -22.7 -23.6 28
32 1.83-2.5 0.5 150 on off -23.2 -23.9 42
33 1.83-2.5 0.5 300 on off -23.6 -24.3 52
34 1.83-2.5 0.5 50 on off -23.8 -25.5 68
35 1.83-2.5 1.0 150 on off -23.4 -50.0 122
36 1.83-2.5 1.0 50 on off -24.3 -50.0 121
37 1.83-2.5 1.0 300 off off -23.5 -25.0 62
38 1.83-2.5 0.2 300 off off -25.2 -26.5 76
39 1.83-2.5 0.3 300 off off -23.1 -23.9 41
40 1.83-2.5 0.3 150 off off -22.8 -23.8 36
41 1.83-2.5 0.3 50 off off -22.7 -23.9 40
42 1.83-2.5 0.3 300 off off Fa = 1 -23.5 -24.7 59
43 1.83-2.5 0.3 300 off off MHe,con = 2 -23.3 -24.2 47
44 1.83-2.5 0.3 300 off off Wind 1 -24.0 -24.5 56
45 1.83-2.5 0.5 150 off off -22.4 -23.4 18
46 1.83-2.5 0.5 300 off off -23.4 -23.9 39
47 1.83-2.5 0.5 50 off off -22.1 -23.5 25
48 1.83-2.5 1.0 150 off off -23.2 -50.0 120
49 1.83-2.5 1.0 50 off off -23.1 -50.0 119
50 1.83-2.5 1.0 300 off off Fa = 1 -23.3 -50.0 118
51 1.83-2.5 1.0 300 off off MHe,con = 2 -23.5 -25.4 67
52 1.83-2.5 1.0 300 off off Wind 1 -24.2 -25.3 66
53 1.83-2.5 1.0 300 off off β = 3 -23.7 -25.0 61
54 1.83-2.5 1.0 300 off off Fa = 0 -26.2 -26.9 81
55 1.83-2.5 1.0 300 off off MHe,con = 3.5 -23.6 -25.2 65
56 2.0-2.5 1.0 300 on off -23.3 -50.0 117
57 2.0-2.5 0.3 150 on off -22.4 -23.2 10
58 2.0-2.5 0.3 300 on off -22.7 -23.2 9
59 2.0-2.5 0.3 50 on off -22.7 -23.9 38
60 2.0-2.5 0.5 150 on off -23.0 -24.3 51
61 2.0-2.5 0.5 50 on off -23.6 -24.9 60
62 2.0-2.5 1.0 150 on off -23.0 -50.0 116
63 2.0-2.5 1.0 50 on off -23.7 -50.0 115
64 2.0-2.5 1.0 300 on on -22.7 -23.3 12
65 2.0-2.5 0.3 300 on on -22.9 -23.6 27
66 2.0-2.5 0.3 150 on on -22.3 -23.1 6
67 2.0-2.5 0.3 50 on on -21.6 -23.0 4
68 2.0-2.5 0.5 150 on on -22.4 -23.2 8
69 2.0-2.5 0.5 50 on on -22.1 -23.0 3
70 2.0-2.5 1.0 150 on on -22.6 -23.5 24
71 2.0-2.5 1.0 50 on on -22.5 -23.4 17
72 2.0-2.5 1.0 300 off on -22.3 -22.8 1
73 2.0-2.5 0.1 300 off on -50.0 -50.0 114
74 2.0-2.5 0.2 300 off on -50.0 -50.0 113
75 2.0-2.5 0.3 300 off on -23.7 -24.6 58
76 2.0-2.5 0.3 150 off on -22.7 -23.7 34
77 2.0-2.5 0.3 50 off on -22.7 -24.6 57
78 2.0-2.5 0.5 150 off on -22.0 -23.0 2
79 2.0-2.5 0.5 50 off on -22.1 -23.5 23
80 2.0-2.5 1.0 150 off on -22.4 -23.5 22
81 2.0-2.5 1.0 50 off on -22.6 -23.9 37
82 2.0-2.5 1.0 300 on on MNS,max -22.5 -23.1 5
83 2.0-2.5 0.1 300 off off -27.4 -50.0 112
84 2.0-2.5 0.2 300 off off -25.2 -26.4 74
85 2.0-2.5 0.3 150 off off -22.5 -23.5 21
17
TABLE 3 — Continued
Model ECS Rangea αCE Kick
b HCEc CEd Notese log(Λ) log(Λevol) Rank
f
[M⊙] [km/s]
86 2.0-2.5 0.3 50 off off -22.3 -24.0 44
87 2.0-2.5 0.5 300 off off β = 3 -22.9 -23.6 26
88 2.0-2.5 0.5 300 off off Fa = 0.1 -23.9 -24.5 55
89 2.0-2.5 0.5 300 off off Fa = 0 -23.5 -24.3 50
90 2.0-2.5 0.5 300 off off Fa = 0.3 -23.8 -24.2 45
91 2.0-2.5 0.5 300 off off Fa = 1 -23.8 -50.0 111
92 2.0-2.5 0.5 300 off off MNS,max -22.8 -23.5 19
93 2.0-2.5 0.5 300 off off MHe,con = 2.5 -23.2 -23.7 32
94 2.0-2.5 0.5 300 off off MHe,con = 2 -23.2 -23.7 33
95 2.0-2.5 0.5 300 off off MHe,con = 3.5 -23.2 -23.7 31
96 2.0-2.5 0.5 300 off off γCE -23.1 -23.7 30
97 2.0-2.5 0.5 300 off off Tides -23.4 -24.0 43
98 2.0-2.5 0.5 300 off off Twin Binaries -22.7 -23.4 15
99 2.0-2.5 0.5 300 off off Wind 1 -23.0 -23.7 29
100 2.0-2.5 0.5 300 off off Wind 2 -23.8 -24.3 49
101 2.0-2.5 0.5 50 off off Vkick,ECS = 50 -31.7 -33.2 93
102 2.0-2.5 1.0 150 off off -23.0 -25.6 70
103 2.0-2.5 1.0 50 off off -23.3 -50.0 110
104 2.0-2.5 1.0 0 off off -50.0 -50.0 109
105 2.0-2.5 1.0 300 off off Vkick,ECS = 60 -50.0 -50.0 108
106 2.0-2.5 1.0 300 off off Vkick,ECS = 18 -50.0 -50.0 106
107 2.0-2.5 1.0 300 off off Vkick,ECS = 6 -50.0 -50.0 107
108 2.0-2.5 1.0 300 off off Vkick,ECS = 0 -50.0 -50.0 105
109 2.0-2.5 1.0 300 on off Fa = 0.1 -24.8 -26.8 78
110 2.0-2.5 1.0 300 on off Fa = 1 -23.1 -50.0 104
111 2.0-2.5 1.0 300 on off MNS,max -23.3 -50.0 103
112 2.0-2.5 1.0 300 on off MHe,con = 2 -23.1 -50.0 102
113 2.0-2.5 1.0 300 on off γCE -22.5 -24.3 48
114 2.0-2.5 1.0 300 on off Tides -23.2 -50.0 101
115 2.0-2.5 1.0 300 on off Twin Binaries -22.9 -25.1 63
116 2.0-2.5 1.0 300 on off Wind 1 -23.2 -25.6 69
117 2.0-2.5 1.0 300 on off Wind 2 -23.2 -25.7 71
118 2.2-3.0 0.01 150 off off -50.0 -50.0 100
119 2.2-3.0 0.05 150 off off -50.0 -50.0 99
120 2.2-3.0 0.1 300 off off -28.7 -50.0 98
121 2.2-3.0 0.2 300 off off -25.8 -28.2 87
122 2.2-3.0 0.3 150 off off -25.4 -28.6 88
123 2.2-3.0 0.3 300 off off -25.0 -29.0 89
124 2.2-3.0 0.3 50 off off -24.2 -28.0 86
125 2.2-3.0 0.5 150 off off -25.8 -27.9 85
126 2.2-3.0 0.5 300 off off -24.8 -27.1 82
127 2.2-3.0 0.5 50 off off -24.4 -27.4 84
128 2.2-3.0 1.0 150 off off -25.1 -26.9 80
129 2.2-3.0 1.0 300 off off -25.1 -26.6 77
130 2.2-3.0 1.0 50 off off -25.0 -50.0 97
131 2.2-3.0 1.0 300 off on -23.5 -26.0 72
132 2.2-3.0 0.3 300 off on -25.5 -29.2 91
133 2.2-3.0 1.0 300 off off Fa = 0.1 -28.0 -29.2 90
134 2.2-3.0 1.0 300 off off Fa = 1 -26.8 -50.0 96
135 2.2-3.0 1.0 300 off off γCE -24.5 -27.3 83
136 2.2-3.0 1.0 300 off off Tides -24.8 -26.4 73
137 2.5-2.7 1.0 300 off off -23.2 -24.4 53
138 1.3-2.25 1.0 300 off off -23.2 -50.0 53
139 1.66-3.24 1.0 300 off on -24.2 -50.0 154
140 1.66-3.24 0.5 300 off on -26.3 -50.0 153
141 1.66-3.24 0.01 150 off off -50.0 -50.0 152
142 1.66-3.24 0.05 150 off off -34.6 -50.0 151
143 1.66-3.24 0.1 150 off off -30.5 -50.0 150
144 1.66-3.24 0.1 300 off off -30.9 -50.0 149
145 1.66-3.24 0.3 150 off off -25.6 -32.3 92
146 1.66-3.24 0.3 300 off off -26.4 -50.0 148
147 1.66-3.24 0.3 50 off off -26.8 -50.0 147
148 1.66-3.24 0.5 150 off off -27.4 -50.0 146
149 1.66-3.24 0.5 300 off off -25.9 -50.0 145
150 1.66-3.24 0.5 50 off off -28.8 -50.0 144
151 1.66-3.24 1.0 150 off off -31.4 -35.5 94
152 1.66-3.24 1.0 300 off off -26.4 -50.0 143
153 1.66-3.24 1.0 50 off off -31.7 -35.6 95
154 1.7-1.9 1.0 300 off off -23.8 -50.0 142
155 1.8-2.1 1.0 300 off off -23.5 -50.0 141
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TABLE 3 — Continued
Model ECS Rangea αCE Kick
b HCEc CEd Notese log(Λ) log(Λevol) Rank
f
[M⊙] [km/s]
a The He core mass range within which a partially degenerate CO core forms. See §2.1.1.
b The kick velocity applied to a NS born in an Fe core-collapse SN is drawn randomly from a Maxwellian distribution with this dispersion
velocity.
c If on, NS accrete hypercritically in the CE.
d If on, HG stars are allowed to survive a CE.
e
β: the specific angular momentum of matter; MNS,max: the maximum mass of a NS; MHe,con: He stars below this mass develop
convective envelopes; Fa: The fraction of mass lost during stable mass transfer; γCE: CE evolution is determined based on angular
momentum conservation, not energy; Tides: Tidal dissipation is decreased by a factor of 5; Twin Binaries: The initial mass function for
the secondary is chosen so that the mass ratio is closer to 1; Wind 1: He star winds are decreased by a factor of 4; Wind 2: H and He
star winds are decreased by a factor of 4; Vkick,ECS: Kick velocities for NS born in ECS are drawn from Maxwellian distributions with
this dispersion velocity in km s−1 instead of 1/10th that of Fe core-collapse SN.
f The rank of each model when ordered by Λevol. Models with rank 1-20 are in bold.
